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Abstract — A novel replaceable, modularized energy storage 
system with wireless interface is proposed for a battery operated 
electric vehicle (EV). The operation of the proposed system is 
explained and analyzed with an equivalent circuit and an 
averaged state-space model. A non-linear feedback linearization 
based controller is developed and implemented to regulate the 
DC link voltage by modulating the phase shift ratio. The working 
and control of the proposed system is verified through simulation 
and some preliminary results are presented. 
Keywords- inductive power transfer, battery electric vehicle, 
modular energy source, feedback linearization; 
I. INTRODUCTION 
Usage of electric vehicle (EV) promises to be the next 
revolutionary step in the transportation sector. Given, the need 
to develop the requisite infrastructure from scratch, many 
reliability concerns need to be addressed before a widespread 
rollout. One such concern is the significant downtime for EVs 
during charging. This charging of EVs requires exponential 
more time when compared with the fossil fuel powered cars. 
Consumers who may shrink from using EVs due to this major 
disadvantage represent the loss of vital clientele for the 
electrified transportation sector. To ameliorate this potentially 
debilitating disadvantage, a novel battery energy storage and 
converter system for EVs is proposed and subsequently 
analyzed. 
 
Fig. 1. Downtime comparison chart. 
The downtime is the time taken to refuel a vehicle which is 
often considered as a crippling impediment in choosing an EV 
over the conventional fossil fuel powered vehicle. Typical 
downtimes required by the fossil fuel powered vehicle, an EV 
with the level 1 charging, an EV with the level 2 charging and 
an EV with the proposed replaceable battery system for energy 
required to attain a driving range of approximately 150 km per 
one refueling/recharging is shown in Fig. 1. The existing fossil 
fuel powered vehicles which have a downtime of less than 5 
minutes. However, the electrochemical battery based EVs 
require a downtime in the order of hours. As an improvement 
over the level 1 slow charging which needed a downtime of 8-
12 hours, level 2 fast charging was developed which requires 
approximately 2-3 hours [1]. It is hypothesized that the 
suggested replaceable battery system will significantly reduce 
the downtime. Adopting this proposed solution would not 
diminish the convenience indulged by the current users of 
fossil fuel powered vehicles for they would have comparable 
downtimes. Therefore, this solution which overcomes the very 
significant disadvantage of longer downtime promises to 
revolutionize the EV transportation.  
Replaceable  
Fig. 2. Conceptual representation of a contactless, modularized and 
replaceable battery energy storage system for an electric vehicle. 
Typically, the EVs have the battery packs attached 
permanently to it. However, the proposed system possesses 
the attribute of replaceable. The battery pack is detached from 
the vehicle when the battery energy is completely depleted and 
replaced with another charged battery pack. The replaced 
battery pack is charged separately at external charging 
stations. This external charging feature of battery swapping is 
the primary reason for the very significant reduction in the 
downtime. 
Usage of battery packs of smaller physical dimensions 
expedites convenience of the afore-discussed process of 
replacing battery packs. Therefore, modularizing the single 
large battery pack into multiple micro-packs may be 
considered as a solution. This process of modularization of a 
regular sized battery pack into multiple micro-packs is     
associated with multiple benefits. Chief among them is the 
need for failure-proofing the performance of the EV in light of 
breakdowns. The multiple and redundant energy sources 
considerably increases the operational reliability of the EVs. It 
is observed that the benefits accrued from the modularization 
process are multifold, though it is contingent with multiple 
factors like increased number of components, safe mechanical 
and cooling design requirement etc. 
A cascaded H-bridge inverter based electric drive is 
considered to be suitable for the EV with modularized energy 
sources [2]. With cascaded H-bridge inverter, the battery pack 
is modularized but still attached permanently to the EV. To 
combine the advantage of replaceable with the modularization 
of battery pack, the proposed system utilizes the novel 
wireless power transfer concept. A critical component in the 
design of the replaceable battery system is the electrical 
interfaces between the battery and the vehicle chassis. A good 
design of electrical interfaces prevents the creation and 
furtherance of hazards during the swapping process. However, 
the mechanical vibration that is inherent in any vehicle motion 
may cause sparks between the electrical contacts. Therefore it 
is desirable to develop an appropriate contactless electrical 
interface system. One such system utilizing the novel wireless 
inductive power transfer concept is investigated here. Wireless 
power transfer concept has been utilized in myriad varied 
applications ranging from biomedical equipment to electric 
vehicle charging. There are two common types of wireless 
power transfer viz., magnetic resonant power transfer and 
inductive power transfer. Magnetic resonance type power 
transfer [3] refers to the transference of power over long 
distances. The operating frequency of these types of systems 
ranges in MHz. Contrastingly, the inductive type power 
transfer (IPT) system [4] [5] refers to the transference of 
power over smaller distances (ranging in millimeters/ 
centimeters). Consequently, such systems exhibit an operating 
frequency which ranges in kHz. 
Various power converter topologies for IPT systems were 
proposed and analyzed [4]-[7]. Improvements to IPT systems 
continue to be researched upon. This paper investigates the use 
of the IPT concept in EV energy storage system, especially 
when the energy source is modularized. A skeletal 
representation of the proposed energy storage system for an 
EV drive is illustrated conceptually in Fig.2. 
In general, the IPT system has two coils: the primary or the 
sending coil and the secondary or the receiving coil. The 
proposed system would have hollow casings containing the 
IPT secondary side that are fixed to the EV. The battery 
micro-pack with the IPT primary side is designed to be in a 
container that fits into the hollow casing attached to the EV. 
The planar coils in the casings and the battery have lumped 
self-inductances and are mutually coupled [14]. All casings in 
the vehicle are inter-connected either in series or in parallel 
depending on the design. The output of each casing is 
connected to the DC link of the inverter. 
II. OPERATION OF THE PROPOSED SYSTEM 
The IPT system topology used in the proposed system is 
similar to the one proposed in [10] possessing the bi-directional 
power flow handling capability. As given in [10], the power 
flow from the primary coil to the secondary coil can be 
controlled by manipulating either the voltage magnitude or the 
phase difference between the voltage phasors. The circuit 
diagram representation of the proposed system is shown in Fig. 
3. An equivalent circuit for a module-casing setup of an IPT 
system is given in Fig. 5. The notations and polarities of 
voltages and currents are specified in Fig. 5. The primary side 
of the IPT system consists of a LCL resonant circuit fed by an 
H-bridge inverter. The average output voltage of the primary 
side H-bridge inverter can be controlled by adjusting the phase 
angle between the two phase legs of the inverter [13]. The 
current in the primary coil Lp is controlled by controlling the 
voltage of the module side, vm. The primary coil of the IPT 
system along with the battery is removable from the vehicle. 
The secondary coil of the IPT system is made with similar 
components as that of primary side. In contrast with the 
topology proposed in [10], the secondary side reversible 
rectifier is connected to DC link capacitor of a three phase VSI. 
This entire setup forms a single battery module-casing 
combination in this proposed system. Depending on the 
requirements, the EV can be affixed with multiple module-
casing combinations with relative flexibility but with certain 
mechanical constraints. Figs. 2 and 3 show an arrangement that 
consists of three module-casing combinations. The output 
capacitor of each module-casing setup is concatenated and this 
forms the DC link of the motor drive inverter. 
 
Fig. 3. Electric circuit representation of the proposed system. 
 
Fig. 4. Phase shift ratio 
The proposed module-casing combination could be 
combined with any drive as designed. The operation of inverter 
and electric drive is beyond the focus of this paper. Rather, this 
paper focuses on the control of the capacitor voltage vd at the 
output of the IPT system at a constant value. In the proposed 
system, the converters at either side of the wireless interface 
are operated in the square wave mode. The power transferred 
between the primary and secondary coil is controlled by 
manipulating the phase shift between the voltages vm and vc. 
The magnitude of the vm is given by the battery voltage. 
Therefore magnitude of vm is considered to be constant during 
the operation, whereas the magnitude of vc varies with changes 
in the capacitor voltage vd. The vd in turn depends on the phase 
shift angle which controls the amount of power extracted from 
the primary coil of the wireless interface. The power flow 
direction depends on the sign of the phase shift angle between 
vm and vc. For the case of phase shift between vm and vc 
depicted in Fig. 4, the direction of power flow is from battery 
to the inverter. The capacitor voltage vd is also affected by the 
inverter input current IL. The IPT system should supply power 
that is required by the inverter in addition to the power required 
by the capacitor to maintain constant voltage. 
III. MODELLING AND CONTROL OF THE PROPOSED SYSTEM  
 
Fig. 5. Equivalent circuit of one module-casing set up over half switching 
period T’sw. 
A. Modelling 
Steady state analysis of the IPT systems and the various 
control strategies for the single and multiple coil IPT systems 
have been reported in the literature [8]-[12]. A dynamic 
multivariable state space model for the IPT system has been 
discussed in [13]. The IPT system in the module-casing can be 
represented as an equivalent circuit which isillustrated in Fig. 
4. Since all the module-casings contain identical components, 
analysis of a single battery module-casing combination suffices 
to investigate the proposed system. The inductive power 
transfer part of the system proposed in this paper is modified 
from an earlier version originally proposed in [13]. The 
modification entails that the inverter and the motor are 
represented as constant current source in the equivalent circuit. 
The IPT system will be operated at a frequency higher than the 
inverter switching frequency. The model equations are 
developed for a period which is half of the regular switching 
period of this IPT system. Hence, the input current to the 
inverter is assumed to be constant over this time period.The 
induced or reflected voltage on the mutually coupled coils are 
modelled as an AC source as shown in Fig. 4 and are given by, 
 
ݒ௠௥ ൌ െܯ ௗ௜ೞௗ௧                                                      (1) 
ݒ௖௥ ൌ ܯ ௗ௜೛ௗ௧                                                         (2) 
The phase shift ratio between the vm and vc is denoted as D 
as shown in Fig. 4. The state equations are based on the circuit 
configuration over the period DT’sw and (1-D)T’sw. Averaged 
state-space modelling is applied to various power electronic 
circuits. Generally, the switching duty ratio is considered as 
parameter to determine the averaged performance. However, in 
this analysis, the phase shift ratio is considered to do the 
averaging of state-space model. Since the variables, vm and vc 
are symmetrical at every half wave, only half of the switching 
period Tsw is considered (i.e., T’sw = Tsw/2). As shown in Fig. 4, 
vc is negative during the period DT’sw and vc is positive during 
the period (1-D)T’sw. Hence vc can be averaged over the period 
T’sw and is given by, 
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The averaged state-space model of the proposed system 
considering the phase shift ratio as input, vm as disturbance and 
Vd as output can be developed with the state variables and 
inputs averaged over the period T’sw is given by, 
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B.  DC link voltage control based on feedback linearization 
To control the output voltage of casing side converter, the 
phase information of the vm needs to be passed to the casing 
side controller. It can be done either through the wireless 
communication or through estimation from the measured 
values of the system states on the casing side [12]. The 
following controller is developed assuming that the phase 
information of vm is available at the casing side. Each casing 
side converter has its own controller and is identical. This 
section contains the derivation of secondary side controller 
based on non-linear control theory with feedback linearization 
technique [15], [16]. The control objective is to regulate the 
output voltage of the casing side converter at a constant desired 
value even with perturbations on the load or source (battery 
module) side. By input-output linearization theory, a state 
feedback control law u(X) has to be obtained which makes the 
input-output map of the non-linear system to a linear map: ݕሶ ൌ
ݒ. 
The state feedback control law can be obtained using: 
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ഐ௛ሺ௑ሻ
௅೒௅೑
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௩
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ഐషభ௛ሺ௑ሻ                        (6) 
The relative degree of the output of the system under 
consideration is obtained as ρ=2 from the Lie derivatives 
LghሺXሻ=0 and ܮ௚ܮ௙݄ሺܺሻ ൌ 2ݔ଻ ܥௗܮ௖⁄ . Thus the control law 
for the casing side controller is given by: 
 
ݑ ൌ  ோ೎௫లି௫ఱା௅೎஼೏௩ଶ௫ళ                                 (7) 
 
This non-linear feedback control is associated with the linear 
control of the output dynamics ݕሶ ൌ ݒ. The block diagram of 
the complete control strategy of the output voltage of the 
casing side converter is shown in Fig. 6. 
 
 
Fig. 6. Block diagram of the control scheme 
The phase shift angle α is derived from the phase shift ratio 
D using a direct look-up table. This control is implemented and 
the results are presented in the next section.The switching of 
the module side converter and the casing side converter is 
similar. The switching operation of the converters used in this 
paper is detailed in [12]. 
IV. SIMULATION OF THE PROPOSED SYSTEM 
TABLE I 
Parameters of the proposed system used in simulation 
 
Parameters Value 
Lm; Lp; Ls; Lc 20 µH 
Rm; Rp; Rs; Rc 1.03 Ω 
M 8.5 µH 
Cp; Cs 3.16 µF 
f 20 kHz 
Vin 50 V 
The proposed system shown in Fig. 3 is simulated with an 
RL load instead of motor load. The critical parameters of the 
IPT system used in the simulation are tabulated in Table I. The 
simulations are done with the objective to verify the 
operational reliability of the proposed system in electric 
vehicle. This is achieved through manipulating the reference 
V*d,i. The desired V*d,i is achieved by the non-linear feedback 
control of each casing side converter as explained in the 
previous section. The total DC link voltage Vdc is the sum of 
three capacitor voltages Vd,i for i = 1,2,3. Hence the reference 
value of required output voltage V*d,i is obtained from the 
required DC link voltage as follows: 
ௗܸ,௜כ ൌ  ௗܸ௖כ /ߚ௜                                    (8) 
where βi is varied to achieve the desired performance. For 
instance, βi = 3 extracts equal amount of power from each 
battery module. If βi is varied, then consequently V*d,i varies 
affecting the power extraction as depicted in Figs. 7 and 8. 
 
Fig. 7. DC link voltages (When the three IPT systems are controlled to give: 
equal power for t < 0.2s and unequal power for t > 0.2s). 
 
Fig. 8. Input power (When the three IPT systems are controlled to give: equal 
power for t < 0.2s and unequal power for t > 0.2s). 
This proves advantageous to rectify scenarios where the 
State of Charge (SoC) of a battery module differs from other 
battery modules. The DC link capacitor currents and the 
inverter input current when the three IPT systems are in 
operation are shown in Fig. 9.  To emulate the condition when 
one of the battery module or the IPT system is faulty and will 
not be able to contribute for the EV operation, all the switches 
of the battery side and the casing side converter are kept open. 
Consequently, the power output of the corresponding IPT 
system charging the DC link capacitor is zero. Therefore, 
corresponding voltage Vd,3 across the DC link capacitor is 
zero. This scenario is depicted in Figs. 10 and 11. The 
remaining two IPT systems are operated to meet the total DC 
link voltage Vdc requirement. The charging of other capacitors 
in the DC link forward biases the anti-parallel diodes in a 
phase leg of the casing side converter of the inactive IPT 
system. During this state, the inverter input current IL flows 
through the anti- parallel diodes of the phase leg of the casing 
side converter with some leakage current through the DC link 
capacitor as depicted in Fig. 12.  
 
 
Fig. 9. DC link capacitor currents and inverter input current (When the three 
IPT systems are in operation).  
 
 
 
Fig. 10. DC link voltages (When one IPT system is faulty and excluded from 
operation and a step change at t=0.2s). 
 
 
Fig. 11. Input power (When one IPT system is faulty and excluded from 
operation and step change at t=0.2s). 
 
 
Fig. 12. DC link capacitor currents and inverter input current (When one IPT 
system is faulty and excluded from operation). 
 
 
Fig. 13. DC link voltage regulation when a load change occurs at t=0.2s. 
 
 
 
Fig. 14. Input power (When a load change occurs at t=0.2s). 
Time (s)  
Fig. 15. Load terminal voltages 
The stabilisation of DC link voltage under load demand 
variation is shown in Fig. 13 and the corresponding input 
power variation is shown in Fig. 14. The change in load 
demand is realized by changing the modulation index of the 
three phase inverter. The operation of the inverter requires the 
dc link voltage at a constant value. Any modulation methods 
like sinusoidal pulse width modulation or space vector 
modulation can be implemented to control the inverter output. 
In this simulation, the inverter is operated using a fast space 
vector modulation. The inverter output voltage waveforms 
across the load terminal are shown in Fig. 15. 
V. CONCLUSION 
 A novel battery system featuring replaceable, modularized 
battery modules with a wireless interface has been proposed 
for an EV. The operation of the proposed system appropriating 
the wireless power transfer by means of induction has been 
discussed. An averaged state space model of the proposed 
system has been derived and analysed. A feedback 
linearization technique to establish the DC link voltage 
regulation based on the phase shift ratio has been 
implemented. The operation and control of the proposed 
system has been verified through simulation. The 
improvement in the operational reliability of EV has been 
verified from preliminary simulation results by operating the 
system with one inactive battery module emulating the faulty 
situation. Design and development of the laboratory prototype 
to verify the operation and control of proposed system and 
performance evaluation by loss analysis will be carried out in 
future. 
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